Electron impact excitation rates in Cl III, recently determined with the R-matrix code, are used to calculate electron temperature (Te) and density (Ne) emission line ratios involving both the nebular (5517.7, 5537.9 Å) and auroral (8433.9, 8480.9, 8500.0 Å) transitions. A comparison of these results with observational data for a sample of planetary nebulae, obtained with the Hamilton Echelle Spectrograph on the 3-m Shane Telescope, reveals that the R 1 ‫؍‬ I(5518 Å)͞I(5538 Å) intensity ratio provides estimates of Ne in excellent agreement with the values derived from other line ratios in the echelle spectra. This agreement indicates that R1 is a reliable density diagnostic for planetary nebulae, and it also provides observational support for the accuracy of the atomic data adopted in the line ratio calculations. (9) were adopted. Our previous work on the isoelectronic ions S II (3) and Ar IV (4) has shown that excitation by protons is unimportant under nebular conditions, and hence this process has not been included in the present analysis.
I
t was recognized in the 1940s that forbidden emission line ratios from nebular plasmas would provide a means for estimating electron densities (N e ) and temperatures (T e ) in the emitting layers. A difficulty has been to obtain N e and T e for the same ion, as different ions may be located in strata of differing parameters. For example, the intensity ratio of the auroral͞ nebular lines of [ (9) were adopted. Our previous work on the isoelectronic ions S II (3) and Ar IV (4) has shown that excitation by protons is unimportant under nebular conditions, and hence this process has not been included in the present analysis.
Using the atomic data discussed above in conjunction with the statistical equilibrium code of Dufton (10), we derived relative Cl III level populations and hence emission line strengths for a range of electron temperatures (T e ϭ 5,000-20,000 K) and densities (N e ϭ 10 ). Details of the procedures involved and approximations made may be found in Dufton (10) and Dufton et al. (11) . Given errors of typically Ϯ10% in both the adopted electron excitation rates and A-values, we estimate that our derived theoretical line ratios should be accurate to Ϯ15%.
The have the same temperature and density dependence as R 2 and R 3 , respectively, because of common upper levels, but with
Observational Data
Observational data were obtained with the Hamilton Echelle Spectrograph (HES) at the coudé focus of the 3-m Shane Telescope at the Lick Observatory during several observing runs between 1987 and 1994. The echelle grating, which is ruled with 316 grooves per cm to achieve the best possible match with an 800 ϫ 800 TI charge-coupled device detector, permits coverage of the wavelength range 3,600-10,300 Å. Each order contains only a small portion of spectrum, and these are separated with the aid of a pair of low-dispersion prisms, which serve as cross dispersers. The data we have used here were secured in the context of a spectral survey of several planetaries of high surface brightness. For nebular observations, a slit width of 640 m (1.16 arcsec) and a slit length of 4 arcsec were adopted, giving a spectral resolution of ϳ0.2 Å (full width at half maximum). These choices were imposed by constraints on spectral purity (for slit width) and overlapping orders, especially in the red (for slit length). The total area accepted by the slit is generally much smaller than the whole nebular image. In addition to the usual exposures on laboratory arcs and appropriate comparison stars, one also needs a diffuse continuous source to allow for pixelto-pixel sensitivity variations. Our basic observing and reduction procedures are described in Keyes et al. (14) and Hyung (15) . In Table 1 Table 1 have been corrected for interstellar extinction, using the extinction curve of Seaton (18) Table 1 , have been taken from the references given as footnotes to Table 3 , or derived from a comparison of observed hydrogen recombination line flux ratios with calculations (19) .
The resultant values of R 1 , R 2 , R 3 , and R 4 are given in Table  2 . We estimate that the uncertainties in the line intensities should be approximately Ϯ10% for I Ն 1.0, Ϯ15% for 0.5 Յ I Ͻ 1.0, and Ϯ20% for I Ͻ 0.5. Hence the line ratios should be accurate to typically Ϯ20-25%. To illustrate the quality of the observational data, in Figs. 3, 4 , and 5 we plot the HES spectrum of NGC 6572 in the 5514-5545 Å, 8420-8475 Å, and 8450-8505 Å wavelength regions, respectively.
Results and Discussion
In Table 3 we summarize the electron temperatures and logarithmic electron densities derived from the observed (R 1 , R 2 ), (R 1 , R 3 ), and (R 1 , R 4 ) line pairs in conjunction with Figs. 1 and 2. As is clear from these figures, R 1 is sensitive primarily to changes in N e , whereas the other ratios depend strongly on both temperature and density. Hence in those instances where the observed R 2 , R 3 , or R 4 ratios lie outside the range of values given Plot of the theoretical [Cl III] nebular emission line ratio R1 ϭ I(3s 2 3p 3 4 S-3s 2 3p 3 2 D5/2)͞I(3s 2 3p 3 4 S-3s 2 3p 3 2 D3/2) ϭ I(5518 Å)͞I(5538 Å) against the auroral͞nebular ratio R 2 ϭ I(3s 2 3p 3 2 D3/2-3s 2 3p 3 2 P3/2)͞I(3s 2 3p 3 4 S-3s 2 3p 3 2 D3/2,5/2) ϭ I(8434 Å)͞I(5518 ϩ 5538 Å), where I is in energy units, for a range of electron temperatures (T e ϭ 5,000 -20,000 K in steps of 2,500 K) and logarithmic electron densities (log N e ϭ 1.5-5.5 in steps of 0.5 dex; Ne in cm Ϫ3 ). Points of constant T e are connected by solid lines, whereas those of constant N e are joined by dashed lines.
Fig. 2.
Same as Fig. 1 , except for R1 against R3 ϭ I(3s 2 3p 3 2 D3/2-3s 2 3p 3 2 P1/2)͞I(3s 2 3p 3 4 S-3s 2 3p 3 2 D3/2,5/2) ϭ I(8500 Å)͞I(5518 ϩ 5538 Å).
in Figs. 1 and 2 (so that the simultaneous determination of T e and log N e is not possible), we have still been able to measure log N e from R 1 , by adopting T e ϭ 10,000 K. We note that varying the adopted temperature from 5,000 K to 20,000 K (i.e., the full range in Fig. 1 or 2) will change the value of log N e derived from R 1 only by at most Ϯ0.1 dex.
Also listed in Table 3 results should be directly comparable to these. Plasma parameters from the literature, on the other hand, often refer to the whole nebular image. The sources of the diagnostic diagrams used to derive (T e , log N e ) other are listed in the last column of Table 3 .
For all of the planetary nebulae in Table 3 , the derived electron densities are in very good agreement with those deduced from other line ratios in the HES observations, with discrepancies that average only 0.1 dex. This agreement indicates that R 1 is a reliable density diagnostic for planetary nebulae, and also provides support for the accuracy of the atomic physics data adopted in the calculations of the ratio.
However, values of T e could be measured for only a number of objects in Table 3 , with (as noted above) the temperature being indeterminate in several instances because the observed R 2 , R 3 , or R 4 ratio lies outside the range of theoretical values given in Fig. 1 or 2 . These discrepancies are most probably due to blending of the observational data. In the case of the 8433.9 Å line in the R 2 ratio, we note that this transition is sometimes blended with a weak telluric emission feature (20) . However, reliable estimates of the 8434 Å line intensity can be made if the effect of the telluric feature is minimized by, for example, observing at low air mass and away from twilight. From Table 3 , we see that reliable measurements of R 1 are available for a few planetary nebulae, which give temperatures in good agreement with those determined from other diagnostics, with discrepancies that average only 1,200 K.
The 8480.9 Å line in the R 4 ratio is blended with the 8480.7 Å transition of He I (21) . As a result, the [Cl III] line can be reliably measured only when the He I spectrum is relatively weak, which is the case for NGC 6572 and NGC 7027. For these objects, the temperatures indicated by the R 4 ratios are similar to those determined from other diagnostics.
Most of the observed values of R 3 , which contains the 8500.0 Å line, are much larger than those predicted from Fig. 2 . For example, the plasma parameters (T e , log N e ) other ϭ (12,500, 4.4) for Hubble 12 in Table 3 imply a theoretical R 3 ϭ 0.040 from Fig. 2 , yet the observed ratio is R 3 ϭ 0.346. Blending would appear to be the obvious reason for this discrepancy, but the [Cl III] 8500.0 Å line is always well resolved from the nearby H I 8502.5 Å feature in the HES spectra, as shown in Fig. 5 . However, there is a very weak telluric emission line at 8500.0 Å (20) , which is probably the source of the blend. Support for this explanation is provided by the fact that the R 3 ratios in Table 3 for NGC 6572 and NGC 7027 give T e estimates in good agreement with those determined from other diagnostics, indicating that the [Cl III] 8500 Å line intensity must be reliably measured in these objects. As noted previously, the 8434 Å line in NGC 6572 and NGC 7027 is uncontaminated by telluric blending, implying that the 8500 Å transition should be similarly unaffected, which is observed to be the case. The 8500 Å line was previously believed to be uncontaminated by the Earth's atmosphere (22) . However measurements of this feature must be treated with caution in the future and, as with the 8434 Å transition, should be used as a diagnostic only if free from telluric blending. This will be the case for space-based observations from, for example, the Space Telescope Imaging Spectrograph, and the [Cl III] lines in such data may therefore be used with confidence to determine plasma parameters.
Finally Hence the observed (R 1 , R 6 ) or (R 1 , R 7 ) line pairs could be used in conjunction with Figs. 1 and 2 to determine T e and log N e , as noted by Czyzak et al. (13) . Unfortunately, the 3344 and 3354 Å lines of [Cl III] lie in a relatively unexplored region of the nebular spectrum, at least at high spectral resolution, because of the difficulty of observing in the near-UV. However, with the increasing blue sensitivity being achieved by charge-coupled devices, it is hoped that high-resolution spectra of these lines will be routinely available in the future. The near-UV features will not have the problem with telluric blends experienced by the longer-wavelength transitions, and hence should provide reliable temperature and density estimates. We stress, however, that they must be observed at high spectral resolution as, for example, the [Cl III] 3344 Å line is blended with [Ne V] 3345 Å at low dispersion (23) .
